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Two-dimensional numerical simulations have been performed to study natural convec-
tion in circular enclosures filled with water considering different central angles. Con-
tinuity, momentum and energy equations are solved assuming Boussinesq approximation
utilizing COMSOL. Effect of Rayleigh number, Ra, on heat transfer rate is investigated by
showing Nusselt number, Nu, for a range from ×1 103 to ×1 107. It is shown that decreasing
central angle of the cavity increases averaged Nusselt number in a cavity heated from
below. Finally, a correlation for heat transfer rate is developed considering the effect of the
angle between two sides of the cavity and Ra number using simulation results.
& 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Natural convection phenomenon in enclosures filled with fluids has wide applications in engineering topics such as solar
energy collectors, cooling processes of electronic devices and lubrication grooves.
The majority of literature findings deals with the natural convection problem in enclosures under constant temperature
or constant heat flux conditions in different cavities. For example, Yesiloz and Aydin studied the buoyancy induced flow due
to heat transfer in a water-filled right-angled triangular cavity both experimentally and numerically for a range of Rayleigh
number from 105 to 107 [1]. In another study, Aydin and Yesiloz investigated this phenomenon in a quadrantal cavity heated
from below [2]. They observed that for Rayleigh numbers less than 103 the effect of Rayleigh number becomes insignificant.
In both geometries, increasing Ra number led to an increase in Nu number. Ridouane et al. numerically modeled laminar
natural convection in a triangular cavity using air as the working fluid [3]. In their case, vertical side was considered as hot
wall while cooling was done from the hypotenuse. It was found that heat transfer rate decreases with a decrease in apex
angle. Shiina et al. studied natural convection in a hemisphere heated from below dividing the flow patterns into four
regimes [4]. Their experimental results for different test fluids showed that transition from laminar to turbulent flow oc-
curred at =Ra 109. In another study, Chen and Cheng performed a numerical and experimental study on natural convection in
an inclined arc-shaped enclosure considering different inclination angles [5]. They found that while overall Nu number
increases with Grashof number, decreases with increasing inclination angle. Moreover, November and Nansteel studied
numerically the natural convection in a square water-filled enclosure heated from below and cooled along one side [6].
Ganzarolli and Milanez simulated steady natural convection in an enclosure heated from below and symmetrically cooledan open access article under the CC BY-NC-ND license
.
(S.M. Mirabedin), farhadi@sharif.edu (F. Farhadi).
Nomenclature
Cp Specific heat capacity of the fluid (Water),
(J kg1 K1)
F Volume force, (N m3)
g Acceleration due to gravity, (m s2)
Gr Grashof number
H Radius of the enclosure, (m)
k Thermal conductivity of the fluid (Water),
(W m1 K1)
Nu Nusselt number
p Pressure, (Pa)
Pr Prandtl number
r The distance between a point in polar co-
ordinates and the origin, (m)
Ra Rayleigh number
T Temperature, (K)
TC Temperature of cold wall, (K)
TH Temperature of hot wall, (K)
u Velocity, (m s1)
β Thermal expansion coefficient of the fluid
(Water), (K1)
μ Dynamic viscosity of the fluid (Water),
(kg m1 s1)
ρ Density of the fluid (Water), (kg m3)
ψ Stream function, (s1)
φ The angle between a point in polar co-
ordinates and the base side, (deg)
θ Central angle, the angle between two sides of
the enclosure (deg)
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trapezoidal geometry with baffles for building roofs under summer-like and winter-like conditions [8]. Their observations
show that under winter-like conditions, convection starts to dominate at a Rayleigh number much lower than that under
summer-like conditions. Chinnakotla et al. reported numerical and experimental visualizations of buoyancy-induced flow in
L-shaped corners [9]. They found that Nu number for the horizontal surface increases by augmentation of temperature
difference, Pr number and aspect ratio of the L-shaped corner.
To the authors' knowledge, there has been no previous investigation of natural convection in cylindrical sectors con-
sidering different central angles which has frequent applications. The purpose of the present study is to investigate the
characteristics of natural convection in cylindrical sectors for various inclination angles in cavities heated from below,
cooled from side wall and insulated from the arc studying various temperature differences.
1.1. Computational model
Computational model of the enclosure is shown in Fig. 1. The model consists of an adiabatic arc as well as a cold side wall,
kept at 22 °C, and a base wall at hot temperature. In this work, four different central angles of 15°, 30°, 45° and 90° are
examined for cavity radius of 30 mm. According to experimental setup, the enclosure is deep enough that can be considered
as a circular slice.
Considering laminar flow and neglecting the effect of radiation, the governing equations can be written in Cartesian
coordinates as Eqs. 1–3.
Continuity:
ρ∇ = ( ). u 0 1Fig. 1. Schematic configuration of quadrantal sector heated from the base and cooled from the side.
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Where F is the volume force in terms of density change due to temperature shown as Boussinesq approximation in Eq. (4).
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2. Numerical analysis
COMSOL 4.4 has been selected to model the geometries and post-processing. All steady-state computations have been
performed on an Intel i7 having a quad processor with 8 GB RAM and 2.0 GHz processor speed. Convergence criteria has
been considered as × −1 10 6 in all cases. Thermo-physical properties of water are considered as pre-defined expressions
available in [10].
The definition presented by Aydin and Yesiloz is used to calculate the average Nusselt number on the base side of the
cavity (See Eq. (5)) [2].
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π
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T T
T
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Where φ is the angle from base side in polar coordinates as shown in Fig. 1. This definition makes Nu number, calculated on
hot wall, more meaningful. Detailed information about its derivation can be found in [2,11]. Calculations in COMSOL are
done in Cartesian coordinates so in order to convert the derivation of temperature in Cartesian coordinates to polar co-
ordinates, Eq. (6) is considered in accordance with chain rule where r is the distance between a point on the domain and the
origin in polar coordinates.
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Volume-averaged Rayleigh number is shown in Eq. (7) considering the effect of natural convection in the enclosure.
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Grid dependency for a quadrantal cavity, heated and cooled on adjacent walls, is investigated for four different mesh
sizes at = ×Ra 5. 7 106 in Table 1. These four mesh sizes are shown in Fig. 2. In comparison with experimental observations, the
last two cases were found as the most suitable grid density. Hence, case 3 was considered for simulation purposes for its
lower run time.3. Results and discussion
In this article, natural convection in circular sectors heated from below is numerically studied for different central angles.
Numerical simulations of laminar natural convection have been performed for different Rayleigh numbers considering
various hot temperatures. Computational results have been validated with existing results for a quadrantal cavity filled with
water (See Fig. 3). As can be seen, Nusselt number increases significantly by increasing Rayleigh number from ×1 104 to
×1 107.Table 1
Mesh dependency for the quadrantal cavity, = ×Ra 5. 7 106.
Case Mesh size Name Nu
1 845 Coarse 7.550
2 2030 Fine 7.267
3 14,760 Extra fine 6.997
4 21,660 Extremely fine 6.996
Fig. 2. Comparing different grid sizes for a quadrantal cavity heated from below (θ¼90°).
Fig. 3. Comparing Nusselt number values obtained from numerical simulations and experimental data for a quadrantal cavity heated from below (θ¼90°).
S.M. Mirabedin, F. Farhadi / Case Studies in Thermal Engineering 8 (2016) 322–329 325
Fig. 4. Comparing streamlines for a horizontal quadrantal cavity heated from below at = ×Ra 5 106, (a): Experimental data by Aydin & Yesiloz (2011), (b):
Numerical simulation by Aydin & Yesiloz (2011), (c): Present numerical study.
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= ×Ra 5 106 with ∆ =T 11. 4 K. As can be seen, due to the density difference between cold and hot walls, a counterclockwise
rotation of fluid exists within the enclosure at this Ra number. Hotter layers of fluid which have less density go up and after
reaching the adiabatic wall go down since the density near the cold wall is higher than any other point in the sector.
Moreover, isotherms at the same Rayleigh number are shown in Fig. 5. As can be seen, numerical results are in good
agreement with literature findings.
Considering four central angles, a diminution in the averaged Nusselt number was observed by an increase in inclination
angle (See Fig. 6). In order to develop correlations that consider the effect of inclination angle as well as Ra number, an
equation in form of Eq. (9) is suggested for Ra4RaC, where RaC, the critical Rayleigh number, is a dimensionless number that
determines how natural convection due to gravitational force becomes more dominant than pure conduction in the cavity.
Critical Rayleigh numbers are shown in Fig. 7(a) for different circular slices. When RarRaC, Nu number becomes Raleigh-
independent meaning that heat transfer is only controlled by conduction mechanism. Fig. 7(b) illustrates Nu number values
for RarRaC. As can be seen, the critical Ra number and its corresponding Nu number depend on the slice angle. It was found
that the critical Ra number increases by decreasing central angle. For investigated central angles in this work, critical Ra
increased form 103 for the quadrant to around ×8 104 for enclosure with central angle of 15°. This means that for the same
working fluid under constant central angle condition, higher temperature difference between two sides of the enclosure is
required to initiate fluid circulation and to overcome the domination of the conductive heat transfer. It can also be stated
that Nu numbers corresponding to critical Ra numbers increase by reducing the slice angle e.g. form Nu¼1 for 90° to Nu¼6
for 15°.Fig. 5. Comparing isotherms for a horizontal quadrantal cavity heated from below at = ×Ra 5 106, (a): Experimental data by Aydin & Yesiloz (2011), (b):
Present numerical study.
Fig. 6. Comparing the effect of various central angles on Nusselt number.
Fig. 7. (a): Critical Rayleigh number, RaC, versus central angle between two sides of circular slices, (b): Nusselt number due to conduction versus central
angle of circular slices (RaoRaC).
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closure leading to more fluid circulation. This circulation might be seen as a result of higher heat transfer rate due to higher
temperature difference between two sides. On the other hand, Fig. 8 illustrates how decreasing central angle at a constant
Ra number, which increases Nu number, may reduce velocity in the cavity and increases the number of Rayleigh-Bénard
cells. Despite the velocity diminution, formation of these cells might be considered as a reason of the increase in Nu number
due to central angle reduction at constant Ra number. The presence of these cells increases the fluid circulation within the
enclosure and leads to a better contact of hot and cold layers of fluid. This continuous circulation of fluid is the reason of
having higher natural convection heat transfer coefficients for Ra numbers higher than RaC.
Constants of Eq. (9) were found using 3D curve fitting toolbox in MATLAB 2012 (Shown in Table 2). This expression was
found in accordance with simulation data for all central angles and Rayleigh numbers as well as heat transfer rates
Fig. 8. Comparing the effect of different central angles on velocity (in mm/s) at = ×Ra 5 106, (a): θ¼90°, (b): θ¼45°, (c): θ¼30°, (d): θ¼15°.
Table 2
Constants of the suggested correlation for circular enclosures heated from below for Ra4RaC.
Constant a b c d
Value 0.147 0.25 6.782 6
S.M. Mirabedin, F. Farhadi / Case Studies in Thermal Engineering 8 (2016) 322–329328(R2¼0.99). The expression is shown in Fig. 9 as a function of Rayleigh number and central angle as a 3D plot.
For Ra4RaC:
( )( )θ= + ( )Nu aRa c cos 9b d
Fig. 9. Curve fitting of simulation data for circular sectors heated from below considering different central angles (Central angle in radian).
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A numerical investigation has been conducted in order to observe the effects of Rayleigh number and central angle on
heat transfer rate in water-filled circular sectors. The results were shown in terms of streamlines and isotherms as well as
average Nusselt numbers. Different mesh sizes were compared and it was concluded that heat transfer rate increases with
increasing Rayleigh number while decreases by increasing the central angle of the cavity. In other words, the heat transfer
rate in the enclosure enhances by increasing the number of Rayleigh-Bénard cells. So increasing Ra number as well as
decreasing the central angle could improve this heat transfer rate. In addition, it was found that the critical Ra and Nu
numbers also rise by reducing the central angle.
For Ra numbers higher than critical value there is a linear trend in heat transfer rate while for values lower than critical
values, Nu number remains constant. A correlation is proposed for Nusselt number as function of Rayleigh and slice angle for
water filled slice cavities heated from below.References
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